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• Mosses (Bryophyta) are a key group occupying important phylogenetic position for understanding land plant 21 (embryophyte) evolution. The class Bryopsida represents the most diversified lineage and contains more than 95% of the 22 modern mosses, whereas the other classes are by nature species-poor. The phylogeny of mosses remains elusive at present. 23 24
• Recurrent whole genome duplications have shaped the evolution trajectory of angiosperms, but little is known about the 25 genome evolutionary history in mosses. It remains to be answered if there existed a historical genome duplication event 26 associated with the species radiation of class Bryopsida. 27 28
• Here, the high-confidence moss phylogeny was generated covering major moss lineages. Two episodes of ancient genomic 29 duplication events were elucidated by phylogenomic analyses, one in the ancestry of all mosses and another before the 30 separation of the Bryopsida, Polytrichopsida and Tetraphidopsida, with estimated ages of the gene duplications clustered 31 around 329 and 182 million year ago, respectively. 32 33
• The third episode of polyploidy event (termed ψ ) was tightly associated with the early diversification of Bryopsida with an 34 estimated age of ~87 million years. By scrutinizing the phylogenetic timing of duplicated syntelogs in Physcomitrella 35 patens, the WGD1 and WGD2 events were confidently re-recognized as the
Introduction
42
Gene duplications provided the raw genetic materials for evolutionary innovations and are considered as important driving 43 forces in species diversification and evolution (Ohno, 1970 questioned in a recent study (Ruprecht et al., 2017) . Echoing the α -β-γ series in the Arabidopsis thaliana lineage, a WGD 49 series of ρ -σ-τ were reported in rice and other grasses (Jiao et al., 2014) . Notably, the gamma event has been extensively 50 studied and systematic molecular dating results suggest this ancestral genome triplication event clustered in time with the 51 early diversification of core-eudicots in Aptian of late Cretaceous. The gamma event thus appears to be associated with the 52 species radiation of more than 75% of extant angiosperms which contributed to answer the Darwin's "abominable mystery" 53 (Friedman, 2009; Jiao et al., 2012; Vekemans et al., 2012) . However, both phylogenetic relationships and the evolutionary 54 history of mosses, one of the most important monophyletic clade in the early-diverging land plant lineages (Morris et al., 55 2018) comprising more than twelve thousand species (Goffinet, 2004; Shaw et al., 2011) , remains largely uncharacterized. 56
In an early study utilizing a collection of transcript datasets, a polyploidy event was identified in the evolutionary past of the 57 model moss Physcomitrella patens (Rensing et al., 2007) and with the completion of the P. patens genome the polyploidy 58 event was characterized by a Ks peak around 0.5-0.9 (Rensing et al., 2008) . A more recent report describing the 59 chromosome-scale assembly of the P. patens genome further deciphered the large-scale duplication event as two recurrent 60
WGDs: the younger WGD2 with a Ks peak around 0.5-0.65 and an older WGD1 with a Ks peak around 0.75-0.9 (Lang et al., 61 2018) . In a supplementary analysis, paralogous Ks frequency distribution in a number of moss transcriptomes were also 62 analyzed to indicate the widespread ancestral genomic duplications in mosses (Lang et al., 2018) . The detailed statistical 63 analyses of the Ks distribution of paralogs in Ceratodon purpureus transcriptome also suggested multiple ancestral genomic 64 duplications (Szovenyi et al., 2015) and a phylogenomic study reported multiple genome duplications in peat mosses (class 65 Sphagnopsida), as well as one ancestral polyploidy event that occurred in the ancestor of mosses (Devos et al., 2016) . 66
Advances in high-throughput sequencing technologies have generated adequate transcriptome data for the seeking of signals 67
of ancestral large-scale genome duplications by analyzing the Ks-based age distributions (Blanc & Wolfe, 2004; Cui et al., 68 2006 ) and/or using large-scale gene tree-based phylogenomic approaches (Jiao et al., 2011; Jiao et al., 2012; Yang et al., 69 2018) . For example, the 1000 Green Plant Transcriptome Project (1KP, https://www.onekp.com) generated at least three Gb 70 of paired-end Illumina reads for one thousand plants covering most lineages from green algae to angiosperms. In the OneKP 71 pilot study, transcriptome data for a total of 92 plants were generated and among them 11 moss species were included 72 (Wickett et al., 2014) . The transcriptomes in two desert mosses Syntrichia caninervis and Bryum argenteum were reported in 73 our previous studies (Gao et al., 2014; Gao et al., 2017 ) and a recent phylotranscriptomic study in pleurocarpous mosses 74 (Hypnales) generated a large set of transcriptomic data . 75
Despite the rapid growing body of the sequencing data in mosses, the evolutionary past, especially the large-scale genome 76 duplication events and the precise phylogenetic positioning of these events remain unresolved in the Bryopsida, the largest 77 class of mosses containing more than 95% of the extant moss species (Newton et al., 2006) . The detection of these ancestral 78 duplication events has been hampered by the undetermined phylogenetic relationships of the Bryopsida with other classes of 79 mosses, although some taxonomic and phylogenetic relationships have been proposed (Shaw et al., 2010a; Shaw et al., 80 2010b; Shaw et al., 2011) . 81
The P. patens chromosome structure and intra-genomic synteny comparison provided unequivocal evidence for two recurrent 82 ancestral WGDs (Lang et al., 2018) , but the precise phylogenetic position for the two events was unresolved. Whether or not 83 the WGDs were shared with other mosses or simply species-specific polyploidy events remain an open question. Although 84 inter-genome synteny comparison remains unavailable at present because of the lack of a closely related moss genome, 85 resolving the phylogenetic placement of the two P. patens WGDs could be achieved by investigating the phylogenetic timing 86 of the duplicated syntelog pairs. For example, the precise phylogenetic timing of the core-eudicot gamma triplication event 87
was successfully resolved by tracing and summarizing the phylogenetic timing of Vitis syntelogs (Jiao et al., 2012) . 88
To resolve the phylogeny of the mosses and to provide the robust evidence and probe the phylogenetic position for ancestral 89 genomic duplication events, we have utilized phylotranscriptomic analyses utilizing augmented transcriptomic sequence data, 90 a proven robust methodology to generate reliable species phylogenies (Wickett et We compiled transcriptomic data from diversity of moss lineages from either publicly available collections or de novo 95 assembled from deposited transcript sequence reads. A total of twenty-seven moss transcriptomes were included in our 96 phylogenomic analyses representing six distinctive classes (20 in Bryopsida, 2 Polytrichopsida, 1 Tetraphidopsida, 1  97 Andreaeopsida, 2 Sphagnopsida and 1 Takakiopsida) in Bryophyta. The transcriptomes (species) to include in the analyses 98 were chosen to enable the division of long internal branches in the phylogeny that may lead to artifacts in the analyses (Jiao 99 et al., 2012) and that generate largely laddered species phylogenies (Li et al., 2015) . We included the gene sequences from 100 the genomes of Physcomitrella patens along with those of the liverwort (Marchantia polymorpha) and the early-diverging 101 tracheophyte (Selaginella moellendorffii), the latter two genomic collections were used to derive the correct rooting of the 102 gene trees and to provide informative nodes for molecular dating. The transcriptomic and genomic data were sorted into gene 103 families, followed by a phylogenomic cleaning and masking procedure (Yang & Smith, 2014 After gene tree-based cleaning and masking, the original protein sequences in each gene cluster (before trimming) were 149 realigned using MAFFT v7.310 (Katoh & Standley, 2013) . The protein alignments were trimmed (-automated1) and back-150 translated using TRIMAL v1.4 (Capella-Gutierrez et al., 2009). The generated coding sequence alignments for orthogroups 151 were divided into two subsets: one subset containing the putatively one-to-one orthogroups (in such orthogroups each taxa 152 contains no more than one gene sequence) and was employed in the species tree estimation and the other subset, containing 153 multi-copy orthogroups, was used to identify ancestral gene duplications in mosses. 154 155
Species tree construction
156
The generated orthogroups were masked to maximize the number of orthogroups where each species was represented by a 157 single transcript (Table S2) . Such a subset of putatively deduced one-to-one orthologs or single-copy gene families were 158 utilized for species tree estimation using both concatenated sequence supermatrix and coalescence-based summary methods 159 Unruh et al., 2018) . But it must be acknowledged that even in these putatively single-copy gene 160 families, some ancient paralogs may be misidentified as orthologs due to lineage or species-specific non-orthologous gene 161 losses (Robertson et al., 2017 was employed to identify paleopolyploidy events using the species tree generated from the concatenated sequence 185 supermatrix as a guide. The PUG algorithm was run for each of the 5,035 gene trees using the "estimate_paralogs" option to 186 count the number of unique duplication nodes. For each potential paralog pair, the coalescence node (potential duplication 187 node) was identified from the gene family phylogeny and species composition for both the duplication clades (subtrees) and 188 the sister lineage were queried and scrutinized to count the duplication events for the internal nodes in the species tree. Only 189 if the combined species composition of the paralog subtree and the sister lineage resolve to the same node in the species tree 190 was the placement considered acceptable for the duplication of that putative paralog pair ( 
Molecular dating of ancestral duplications
200
The best maximum-likelihood gene trees constructed by RAxML for each orthogroup were used to estimate the age of the 201 duplication nodes using the r8s software package (Sanderson, 2003 (Morris et al., 2018) , as the r8s package requires at least one internal node in the tree to be fixed. These constraints 210 allowed for the estimation of the divergency times of the gene duplications in mosses without further age constraints, and if 211 the age of the duplications at focal nodes were clustered in geological time, the ancestral large-scale duplications in mosses 212 could be circumscribed with a high degree of confidence (Jiao et al., 2011) . The inferred duplication nodal ages were 213 collected and then analyzed by EMMIX (McLachlan et al., 1999) with one to ten components, using 100 random and 10 k-214 means starting values. The Bayesian Information Criterion (BIC) was used to select the best number of components fit to the 215 data. 216 217
Synonymous divergency estimation of duplicated genes
218
Divergence patterns for duplicated genes were explored by calculating the synonymous substitutions per synonymous site 219 (Ks, also known as Ds) for each paralogous pair. To capture the 'pure' Ks peak signal of ancestral duplications, the 220 paralogous pairs with a coalescence node at focal duplication nodes were extracted from the gene trees with a minimum 221 bootstrap value (BSV) of 50%. Protein sequence alignments were generated (Edgar, 2004) 
Results and Discussion
229
Reduced transcriptomes and orthogroups
230
A total of 29 species (Fig. 1) were included for the phylogenomic analyses, including 12 de novo assembled transcriptomes 231 generated from Illumina reads (Table S1 ). The size of the non-redundant protein sequences for each species ranged from 232 11,140 (Rhodobryum ontariense) to 45,329 (Eosphagnum inretortum). All counts of filtered peptides by cd-hit (Li & Godzik, 233 2006) were listed in Table S1 . A total of 643,020 non-redundant peptide sequences from the three genomes (P. patens, M. 234 polymorpha and S. moellendorffii) and 26 de novo transcriptomes were sorted into 31,779 orthogroups, which was reduced to 235 5,684 by retaining only those orthogroups that included groups representing a minimum of 10 taxa and with at least one 236 sequence in each of the three reference genomes (P. patens, M. polymorpha and S. moellendorffii). The 5,684 orthogroups 237
were further collapsed to retain only one representative sequence for mono-and para-phylogenetic clades that contained 238 sequences from single taxa, and terminal branches with abnormal lengths were eliminated (Fig. S1 ). Finally, the 649 one-to-239 one orthogroups were used for species tree estimation and the remaining 5,035 multi-copy orthogroups for the identification 240 and resolution of the phylogenetic placement of WGD events through subsequent gene tree reconstructions and reconciliation 241 with the species tree. The masking of transcript isoforms and recent paralogs did not alter the detection of WGDs (Fig. S2  242 and S3) and the trimmed gene family trees removed spurious terminal branches that eliminated the inclusion of unreliable 243 members derived from mis-assemblies (Yang & Smith, 2014) . 244 245
Moss phylogeny reconstructed from single-copy orthogroups
246
The sequence alignments from the 649 putative single-copy gene families were concatenated to generate a sequence 247 supermatrix that contained 833,313 sites. The contributions of each species to the single-copy orthogroups are presented in 248 Table S2 . With the exception of the placement of Hypnum imponens and Anomodon rostratus relative to Thuidium 249 delicatulum within Hypnales and the clade of Polytrichopsida plus Tetraphidopsida (Fig. S4) , the maximum-likelihood (ML) 250 species tree generated by RAxML produced a well-resolved moss phylogeny with bootstrap support values (BSV) of 100% 251 for all other nodes. Though the BSVs for these three nodes in Hypnales were not 100%, all were larger than 90% in the three 252 partition schemes (Fig. 1) . The partitioning scheme recommended by PartitionFinder produced a moss phylogeny with 253 relatively better BSV support values for the three nodes in Hypnales nodes (BSV > 95%) supporting the phylogeny presented 254
in Fig. 1 . The Polytrichopsida plus Tetraphidopsida clade was also supported when species tree was constructed using only 255 the 1st and 2nd codon positions in the concatenated alignment (Fig. S5) , and the concatenated protein alignment (Fig. S6 ) 256 also generated the identical species tree topologies with 100% BSVs. 257 258 A coalescence-based species tree was estimated from the 649 individual gene family trees using the ASTRAL-III v5.6.2 259 algorithm (Zhang et al., 2018) . With the exception of the deep detailed phylogeny in Hypnales, the ASTRAL-III species tree 260 topologies were consistent with the phylogeny reconstructed from concatenated supermatrix (Fig. S4) Single gene family trees may contain more than one duplication nodes (e. g. Fig. S3 and Fig. 3a) , so we counted and 347 estimated the ages of each duplication node to estimate the ages of the Funarioideae and ψ duplication events. Gene trees that 348 did not pass the cross-validation and gradient check procedure in r8s (Sanderson, 2003) were discarded. Finally, divergency 349 times were estimated for 268 out of the 339 duplication nodes with a minimum BSV of 50% for the Funarioideae duplication, 350 and 89 of the 114 duplication nodes in agreement with the BDTF clade duplication that were supported by a minimum BSV 351 of 50%. The frequency distribution of divergency times of the P. patens syntelog pairs that traced the Funarioideae-wide 352 duplications exhibited a peak at 65.8 ± 2.6 mya (95% confidence interval) (Fig. 3c) , and the distribution of ψ duplication ages 353 exhibited a peak at 113.1 ± 6.9 mya (Fig. 3e) . The age frequency distributions for ancestral duplications with higher BSV 354 thresholds at 80% were also evaluated and a total of 229 and 79 duplication age estimates were obtained for the Funarioideae 355 and ψ duplications, respectively. The estimated ages of the Funarioideae duplications exhibited a significant primary 356 component around 65.6 ± 2.7 mya (Fig. 3d) , and a significant age component around 109 ± 6.6 was detected for the ψ 357 duplications (Fig. 3f) . 358 359
In both analyses, using BSV thresholds at 50% and 80%, the age distributions of the ψ duplications were modeled to a single 360 peak that exhibits relatively higher variation, whereas conspicuous peaks circa 65 mya were observed for the Funarioideae 361 duplications. However, the mixture model implemented in EMMIX (McLachlan et al., 1999) also detected older component 362 with a very low proportion in the Funarioideae duplication ages. The tree uncertainty, incomplete lineage in some of the gene 363 trees and some extreme evolutionary rate heterogeneities in gene families (drastically distinctive habitats from desert to bogs) 364 may result in a small proportion of age outliers the age estimations. We cannot either exclude the possibility of the inclusion 365 of some older segmental or small-scale duplications (SSDs). Whereas the major conspicuous component in the age frequency 366 distribution around the Cretaceous-Paleogene (K-Pg) boundary was well-circumscribed in the analyses and consistent with 367 the previous study (Vanneste et al., 2014) . 368
369
To evaluate the sequence divergency of the syntelogs following paleopolyploidy, we generated and analyzed the Ks 370 frequency distributions for the syntelog pairs that traced the Funarioideae and ψ duplication events in the gene family 371 phylogeny (Fig. 4) . The observed Ks frequency distribution peaks were consistent with the molecular dating results as 372 described above, the Funarioideae and ψ duplications are in parallel with major Ks peaks around 0.6 ( Fig. 4a and 4b ) and 0.9 373 ( Fig. 4c and 4d) , respectively. 374 375
The synonymous divergency curves for syntelog pairs derived from both Funarioideae and ψ duplications were obviously 376 right-skewed and the Ks frequency distributions could be modeled with two major components containing one "younger" 377 peak component and one "older" right-skewed component (blue and green for Funarioideae duplications in Fig. 4a and 4b, 378 red and purple for ψ duplications in Fig. 4c and 4d) . The analyses using the BSV threshold at 50% for each component was 379 described by "color/mean/proportion", in agreement with previous analyses ( (Fig. 4a) and the Ks frequency of ψ event syntelogs contained two 382 statistically significant components: red/0.9/0.775 and purple/1.5/0.225 (Fig. 4c) . Thus, the "green" component ( Fig. 4a and  383 4b) in the Funarioideae duplications could severely blur the major component of the ψ duplications as shown in Fig. 4e . This 384 synonymous distance distribution pattern would make it difficult to infer ancestral genome duplications directly from the Ks 385 distribution without the phylogenetic timing information. We also analyzed the Ks frequency distribution for all syntelogs in 386 P. patens, the four major Ks components were recaptured ( Fig. 4f ) and were similar to that reported in (Lang et al., 2018 (Fig. 2) , and we obtained age estimations for 787 and 935 398 duplication nodes respectively using the r8s package (Sanderson, 2003) . 399 400
The derived age distributions from the expanded analysis were similar to the age distributions obtained from P. patens 401 syntelogs with the majority of the derived divergency ages clustering around ~100 mya ( Fig. 5a and 5b) "pure" sets of ψ duplicated paralogous pairs which are largely free of background duplications. In parallel with the age 413 estimations (Fig. S7) , Ks frequency distributions for almost all BDTF clade species were modeled with two significant 414 components (Fig. S7, A-R) . For example, consistent to the dating analyses based on P. patens syntelogs (Fig. 4c and 4d) , the 415 two major components 'red/0.9/0.51' and 'purple/1.26/0.4' were also identified in the Ks distribution for the ψ duplicated 416 genes inferred from gene trees (Fig. S7L) . While for all the inferred P. patens paralogous pairs with coalescence node at N4 417 (BSV ≥ 50%) tracing the Funarioideae duplication event, two major components 'blue/0.63/0.66' and 'green/0.99/0.3'were 418 identified (Fig. S7T) , which was also consistent with the syntelog-based analyses described above. (Fig. 5c ). 458 459 We did not observe conspicuous lineage-wide nucleotide evolutionary rate shifts by inspecting the Ks distributions of the ψ 460 paralogs, but there were significant within-lineage differences in evolutionary rates (Fig. 5c) . The species within the 461 Hypnales clade, within the Bryidea, exhibited similar substitutional rates of the ψ event paralogs, but for Bryum argenteum 462 the rate was significantly elevated. A significant elevation of the evolutionary rate was also observed in the Dycranidae 463 (Syntrichia caninervis), and in the Funariideae (Funaria hygrometrica). Each of the three species, Bryum argenteum, 464
Syntrichia caninervis, and Funaria hygrometrica, exhibited major Ks peaks (red components in Fig. S7 ) that exceeded 1.0 Ks 465 for the ψ event. In contrast, significantly slower nucleotide substitutional rates could be observed for Timmia austriaca, 466
Encalypta streptocarpa and Scouleria aquatica, all of which exhibited major Ks peaks (red components in Fig. S7 ) smaller 467 than 0.6. 468 469
Two old large-scale duplication events in mosses 470 Devos et al. reported an ancestral moss-wide polyploidy event (more than 300 mya) that was shared by the Sphagnopsida and 471 P. patens (Devos et al., 2016) , but the precise age of this paleopolyploidy event was not determined. Two ancestral large-472 scale duplications (at nodes N23 and N26 in Fig. 2) , predating the diversification of Bryopsida, were conspicuous in our 473 analysis. To estimate the ages for these two large-scale duplication events, we analyzed the frequency distribution of the ages 474 for the duplication nodes as described in (Jiao et al., 2011 were obtained and the duplication ages were well clustered, with a conspicuous peak, around 150-200 mya ( Fig. 6a and 6d ). 479
Similarly, frequency distributions from the estimated ages tracing the moss-wide duplications, for 448 (BSV ≥ 50%,) and 281 480 (BSV ≥ 80%) duplication nodes, rendered modal peaks around 300-350 mya at both 50% and 80% BSV cutoffs ( Fig. 6b and  481 6e). The combined age frequencies obtained from the two duplication events analyzed using EMMIX rendered two modal 482 peaks at around 180 mya and 320 mya (Fig. 6c and 6f) . The formulas mentioned above were used to describe the bimodal age 483 duplications with BSV ≥ 50%: yellow/181.9 ± 4.9/0.4 and brown/329.4 ± 3.6/0.6 (Fig. 6c) and with BSV ≥ 80%: 484 yellow/180.4 ± 5.3/0.43 and brown/316.5 ± 5.3/0.57 (Fig. 6f) . 485 486
The finite mixture model analyses confirmed the two ancestral duplications in mosses: one moss-wide duplication that 487 occurred around 329 mya and a duplication that occurred in the ancestor of BPT clade that had an estimated age of 182 mya. 488
The estimated age for the moss-wide duplication is largely congruent with previous reports (Shaw et 2018), however, the paralogous pairs that survived the much older duplication events would be rarer. In our dataset, we 495 observed paralogous pairs in several transcription factor families that survived the moss-wide and BPT duplication events. 496
For example, the genes clustered in orthogroup_243 encode bZIP transcription factors, and P. patens genes were found in 497 both of the child clades that constituted a moss-wide duplication. The more recent duplications (e.g. the ψ and Funarioideae 498 events) that further augmented the family members were also observed in the gene family phylogeny (Fig. S8 ). 499
Orthogroup_362 encodes the Nin-like transcription factors where moss-wide and BPT duplication nodes were well-supported 500 by the tree phylogeny (Fig. S9) . Similarly, the WRKY (Fig. S10) and SBP (Fig. S11 ) transcription factors in P. patens also 501 survived the ancestral moss-wide duplication event. Besides transcription factors, the genes in orthogroup_462 encodes 502 homologs of VAD1 (Vascular Associated Death1), a regulator of cell death and defence responses in vascular tissues 503 (Lorrain et al., 2004) , also retained duplicated genes derived from the moss-wide and BPT duplications (Fig. S12) . In all 504 cases (Figs. S8-S12), the more recent diversification event around 95-120 mya that resulted in the separation of Timmiidae and Funariidae of the BDTF clade 515 (Medina et al., 2018) . In this study we generated robust phylogenomic evidence for the ψ paleopolyploidy event, that affected 516 the four Bryopsida subclasses Bryidae, Dicranidae, Timmiidae and Funariidae (BDTF clade) and that occurred after the 517 separation of the species-poor subclasses of Buxbaumiidae and Diphysciidae. Based on more than 5,000 gene family 518 phylogenies and the molecular dating of more than 1,000 duplication nodes, the age of the polyploidy event was 519 circumscribed to be around 87 mya, which predates the diversification of the BDTF clade. 520 521
We noticed that some fossil records with much older ages that were identified as pleurocarpous mosses (Bell et al., 2007; 522 Christiano De Souza et al., 2012; Shelton et al., 2015) , but 'pleurocarpous characters' were probably not a definitive 523 character and we cannot exclude the possibility that these morphological characteristics has evolved in these 'old world' 524 moss lineages, which phylogenetically represented basal groups instead of within the crown group of BDTF clade. 525 526
Intriguingly, a moss fossil with an age around 330 mya were assigned to Sphagnales (Neuburg, 1960; Ignatov, 1990; Morris 527 et al., 2018) , however, ancient large-scale duplication events in the ancestor of Sphagnopsida were unveiled using similar 528 phylotranscriptomic strategy with estimated ages around 197 millions years (or alternatively two episodes aound 218 mya 529 and 112 mya) (Devos et al., 2016) , which are much younger than the fossil. 530 531
These evidences suggest primitive moss linages belonging to the 'old world' may have evolved some morphological 532 characteristics that resemble modern mosses, but does not necessarily exclude the possibility of a relatively younger origin 533 (or common ancestor) of modern mosses. 534 535
To further explore the age of the BDTF clade diversification, we calculated the frequency distribution for the orthologous 536 synonymous divergency (Ks) between Bryidae/Dicranidae/Timmiidae and Physcomitrella, and used modal Ks values as 537 proxies, as described previously (Blanc et al., 2003) , for the age estimation of speciation (Fig. S13) . Consistent with the Ks 538 peak around 0.9 for the ψ event in P. patens, modal Ks values corresponding to species separation of BDTF clade ranged 539 from 0.543 (Tammia vs Physcomitrella) to 0.864 (Bryum vs Physcomitrella), suggesting that the diversification of BDTF 540 clade was much younger than previous estimations that were based on a limited number of marker genes. We further 541 generated an ultrametric species tree using the best maximum-likelihood tree generated from concatenated alignments and 542 this indicated a diversification age for the BDTF clade of around 80 mya (Fig. 7) , which is consistent with the 87 million-543 years-old ψ event. This result is also in agreement with a recent study that concluded that most extant mosses were products 544 of post-Mesozoic diversification bursts (Laenen et al., 2014 (Engel, 1968) , and polyploidization were frequently observed during transfection of P. patens protoplasts with 567 exogenous DNA (Schween et al., 2005) . This suggests that some species with the Funarioideae may have escaped this 568 duplication event or that independent polyploidization events in individuals, individual species or genera are common in the 569 mosses. 570 571
The observations mentioned above (though focused on the Funarioideae event) also make it possible that some BDTF clade 572 species might have escaped the ψ event, which still need to be tested. This is especially true when the transcriptomic/genomic 573 data becomes available for F. hygrometrica accessions with low (e.g. n = 7) chromosome numbers, though low chromosome 574 numbers alone could be unequivocal evidence for escaping the ancestral WGD, e.g. the five Arabidopsis thaliana 575 chromosomes contained three WGDs, whereas the ancestral eudicot genome was reconstructed as seven chromosomes (Salse 576 et al., 2009) . In this study we have included representative species from all the BDTF subclasses in Bryopsida, and none of 577 them had escaped the ψ event, which is further augmented and supported by paranome-based Ks frequency distribution for 578 more mosses supplemented in (Lang et al., 2018 (Fig. 7) . Our data tends 583 to in agreement with the conclusions generated by Jiao et al. (Jiao et al., 2011) in that the duplication events in the mosses 584 either just predate or are just subsequent to the reported events in seed plants and are very close in geological time. This does 585 not appear to be a consequence of the fact that our phylogenomic analyses were focused only on mosses and only the 586 tracheophyte Selaginella moellendorffii was included as outgroup. The apparent co-occurrence of ancestral polyploidy and 587 species diversification for the land plants may suggest possible ecological linkages that have orchestrated the evolution of 588 both seed plants and mosses. 589 590
Conclusions
591
A robust moss phylogeny was constructed using an extensive matrix of putative one-to-one orthogroups derived from both 592 existing and derived transcriptomic data. Phylogenomic analyses and molecular dating generated consistent evidence that 593 supported the occurrence of a whole genome duplication event (termed constituting the N20 duplications (ψ event) were included in the age EMMIX analyses. Each significant component is 850 depicted as "color/95% CI of the mean age/proportion" where "color" is the component (curve) color and "proportion" was 851 the estimate of mixing proportion for each component. 
